Lysine residues are subject to a multitude of reversible post-translational modifications, including acetylation and SUMOylation. In the heart, enhancement of lysine acetylation or SUMOylation using histone deacetylase (HDAC) inhibitors or SUMO-1 gene transfer, respectively, has been shown to be cardioprotective. Here, we addressed whether there is crosstalk between lysine acetylation and SUMOylation in the heart. Treatment of cardiomyocytes and cardiac fibroblasts with pharmacological inhibitors of HDAC catalytic activity robustly increased conjugation of SUMO-1, but not SUMO-2/3, to several high molecular weight proteins in both cell types. Use of a battery of selective HDAC inhibitors and short hairpin RNAs demonstrated that HDAC2, which is a class I HDAC, is the primary HDAC isoform that controls cardiac protein SUMOylation. HDAC inhibitors stimulated protein SUMOylation in the absence of de novo gene transcription or protein synthesis, revealing a post-translational mechanism of HDAC inhibitor action. HDAC inhibition did not suppress the activity of de-SUMOylating enzymes, suggesting that increased protein SUMOylation in HDAC inhibitor-treated cells is due to stimulation of SUMO-1 conjugation rather than blockade of SUMO-1 cleavage. Consistent with this, multiple components of the SUMO conjugation machinery were capable of being acetylated in vitro. These findings reveal a novel role for reversible lysine acetylation in the control of SUMOylation in the heart, and © 2014 Elsevier Inc. All rights reserved.
Introduction
Lysine residues in a variety of proteins are subject to diverse modifications, including acetylation, methylation, ubiquitlyation and SUMOylation. The most well characterized post-translational modification of lysine is acetylation (1) . In the context of chromatin, acetylation of histone tails impacts gene transcription by altering electrostatic interactions between DNA and nucleosomes, and by creating docking sites (a histone code) for multisubunit regulatory complexes (2) . Additionally, proteomic studies have revealed reversible acetylation of thousands of non-histone proteins that regulate a multitude of biological processes (3) (4) (5) .
Acetyl groups are conjugated to lysine by histone acetyltransferases (HATs) and removed from lysine by histone deacetylases (HDACs). With regard to the heart, several studies have shown that small molecule HDAC inhibitors have beneficial effects in pre-clinical models of heart failure (6, 7) . HDACs are grouped into four classes and are encoded by 18 different genes. Class I, II, and IV HDACs require cellular zinc as a cofactor, whereas class III HDACs, better known as sirtuins, require nicotinamide adenine dinucleotide as a cofactor for catalytic activity (8) . Inhibitors of zinc-dependent HDACs have been shown to block pathological cardiac hypertrophy and cardiac fibrosis, and improve cardiac contractile performance. Nonetheless, the molecular mechanisms for the beneficial effects of HDAC inhibitors in the setting of heart failure remain poorly characterized.
Lysine SUMOylation provides another mechanism for controlling protein function (9, 10) . The four SUMO family members (SUMO-1, -2, -3 and -4) belong to the ubiquitin-like protein modifying family and have a characteristic β-grasp fold (11) . SUMO-1/2/3 are covalently ligated to their targets in a manner analogous to ubiquitin that involves an E1 activating heterodimer (SAE1/SAE2), a single E2 conjugating enzyme (Ubc9), and, in many cases, an E3 sumo ligase, which is thought to confer substrate specificity (9) . Sentrin specific proteases (SENPs) are de-SUMOylases that are responsible for cleaving pro-SUMO into mature-SUMO, and also remove SUMO from target proteins, contributing to the dynamic nature of this lysine modification (12) .
It is well established that SUMOylation plays a role in cardiac development (13) (14) (15) (16) (17) . Recently, dysregulation of the SUMO pathway was also shown to contribute to the pathogenesis of adult heart failure. Myocardial expression of SUMO-1 protein was found to be dramatically reduced in failing human hearts and in animal models of heart failure (18) . Remarkably, in rodent and pig models, adeno-associated virus (AAV)-mediated overexpression of SUMO-1 in the heart was demonstrated suppress cardiac hypertrophy and fibrosis and improve contractile function, at least in part, through SUMO-1-ylation of sarcoplasmic reticulum Ca 2+ ATPase SERCA2a (18) (19) (20) (21) .
Given the critical roles of lysine acetylation and SUMOylation in the control of cardiac structure and function, we assessed the potential for crosstalk between these posttranslational modifications in the heart. Here, we define a novel role for class I HDACs as negative regulators of protein SUMOylation in the heart. The data suggest that beneficial effects of HDAC inhibitors in models of heart failure may in part be due to the ability of these compounds to stimulate SUMO-1 conjugation to proteins in cardiac myocytes and fibroblasts.
Materials and methods

Inhibitors and agonists
Reagents were purchased or synthesized in-house and used at the indicated final concentrations. HDAC inhibitors: trichostatin A (TSA) (Sigma; 100 nM), MGCD0103 (Selleck; 1 μM), diphenylacetohydroxamic acid (DPAH) (Sigma [D6071]; 10 μM), tubastatin A (Selleck; 1μM), MS-275 (Selleck; 1μM). BA-60 (1 μM) was synthesized inhouse, and its purity was confirmed to be greater than 95%. Phenylephrine (PE), phorbol 12-myristate 13-acetate (PMA), actinomycin D and cycloheximide were purchased from Sigma and used at final concentrations of 10 μM, 50 nM, 1 μg/mL and 100 μM, respectively.
Cell Isolation and culture
Neonatal rat ventricular myocytes (NRVMs) and neonatal rat ventricular fibroblasts (NRVFs) were prepared from hearts of 1-to 3-day old Sprague-Dawley rats, as previously described (22) . Cells were cultured overnight on 10-cm plates coated with gelatin (0.2%; Sigma) in Dulbecco's Modified Eagle's Medium (DMEM) containing calf serum (10%), Lglutamine (2 mM), and penicillin-streptomycin. After overnight culture, cells were washed with serum-free medium and maintained in DMEM supplemented with L-glutamine, penicillin-streptomycin, and Neutridoma-SP (0.1%; Roche Applied Science), which contains albumin, insulin, transferrin, and other defined organic and inorganic compounds. Adult rat ventricular fibroblasts (ARVFs) were collected by the Langendorff-perfusion method from Sprague Dawley rats (23) . NRVFs and ARVFs were cultured in DMEM with 20% FBS containing penicillin (100 U/ml), streptomycin (100 U/ml) and L-glutamine (29.2 μg/ml) (PSG); cells were used at passage one for all experiments. All cell culture supplies were purchased from Cellgro (Mediatech, Inc.), unless otherwise noted.
Immunoblotting and immunoprecipitation
Cells were washed twice in ice-cold PBS (pH 7.4) containing 20 mM n-ethylmaleimide (NEM) (Sigma, E3876) prior to lysis. Cells were lysed in radioimmunoprecipitation assay buffer (RIPA) containing 50 mM Tris (pH 8), 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% NP-40, 20 mM NEM, and HALT ™ protease/phosphatase inhibitor mixture (Thermo Fisher). Cellular lysates were sonicated before clarification by centrifugation. Proteins were resolved by SDS-PAGE, transferred to nitrocellulose membranes (BioRad) and probed with antibodies for SUMO-1 (Cell Signaling Technology, SUMO-1 conjugates were immunoprecipitated using antibody-agarose conjugated beads (Santa Cruz Biotechnology, sc-5308 AC). Briefly, cellular lysates were pre-cleared with protein A agarose at 4°C for one hour, a 10% input sample was removed, and the remaining lysate was incubated with anti-SUMO-1 beads at 4°C overnight. Beads were pelleted and a supernatant sample was taken prior to washing beads three times with ice-cold lysis buffer and two times with ice-cold PBS. Immunoprecipitated SUMO-1 conjugates were resolved by SDS-PAGE and detected by immunoblotting.
Lentiviral production and infection
Lentiviruses were produced with pLKO.1 short-hairpin RNA plasmids (Sigma) provided by the University of Colorado Boulder Functional Genomics Facility. On Day 1, 2 x 10 6 HEK L293 cells were plated on 10-cm plates in DMEM containing calf serum (10%), Lglutamine (2 mM), and penicillin-streptomycin. On Day 2, each plate was transfected with 9 μg of packaging plasmid (psPAX2), 0.9 μg envelope plasmid (pMD2.G), and 9 μg pLKO.1 containing shRNA sequence of interest. Plasmids were combined with a 3μL:1μg polyethyleneimine (PEI):DNA mixture; PEI (Polysciences, Inc., cat# 23966) was used at a concentration was 1 mg/mL. On Day 3, media was replaced with fresh DMEM containing calf serum (10%), L-glutamine (2 mM), and penicillin-streptomycin. On Day 5, culture medium containing viral particles was passed through a 0.45μm syringe filter and stored at −80°C until use. For infection of NRVMs on 60-mm plates, 3 mL of lentivirus-containing medium was added, and 3μL polybrene (10 mg/mL) was included to enhance infection efficiency. Cells were cultured for four days in serum-free DMEM containing Neutridoma-SP supplement and PE (10 μM). Cell homogenates were prepared in RIPA buffer supplemented with 20 mM NEM and HALT ™ protease/phosphatase inhibitor mixture (Thermo Fisher). pLKO.1 plasmids: shControl, SHC016 non-mammalian targeting; shHDAC1, TRCN0000039402; shHDAC2, TRCN0000039395; shHDAC3, TRCN0000318152.
SENP activity assay
Sentrin specific protease (SENP) activity was assessed as described previously (24) . Cardiac fibroblasts were treated with vehicle (DMSO) or MGCD0103 for 48 hours. Some cells received vehicle and were heat shocked at 43°C for 30 minutes prior to lysis. Cells were lysed in PBS pH 7.4 supplemented with 300 mM NaCl and 0.5% Triton X-100. Protein homogenates were incubated with 500 nM SUMO-1-7-amidomethylcoumarin (AMC) (Enzo Life Sciences) in 110 μL of assay buffer (50 mM Tris HCl, pH 7.5, 0.1 mg/mL bovine serum albumin, and 10 mM DTT). Hydrolysis of SUMO-1 AMC was measured by determining the increase in fluorescence (λ ex =340 nm and λ em =440nm) every 30 seconds for 2 hours using a BioTek Synergy 2 plate reader.
Purification of recombinant proteins
Recombinant protein components of the SUMO conjugation machinery were produced in E. coli using pET28a-Aos1 (SAE1), pET28b-Uba2 (SAE2), pET23a-Ubc9, pET-11a-SUMO-1, and pET11-hRanGAP1, and were purified as previously described (25).
Chemical acetylation followed by in vitro SUMOylation
Chemical acetylation was adapted from a previously described method (26) . Recombinant forms of each component of the SUMO conjugation machinery (1 ug each) were chemically acetylated by 0.1 mM acetic anhydride (Sigma, 320102) in PBS for 1 hour at room temperature. After chemical acetylation, proteins were resolved by SDS-PAGE and detected by immunoblotting with anti-acetyl-lysine antibodies. Protein levels were confirmed by Coomassie Brilliant Blue staining. Pre-acetylated proteins were incorporated into in vitro SUMOylation assays with RanGAP1 substrate based on prior optimization studies; SAE1/ SAE2 (140 ng), Ubc9 (220 ng), SUMO-1 (2 μg), RanGAP1 (2 μg, unacetylated) (27) . Reaction buffer consisted of 40 mM HEPES pH 7.3, 220 mM KOAc, 4 mM Mg(OAc) 2 , 4 mM DTT, and protease/phosphatase inhibitor cocktail (Thermo Fisher). Reactions were carried out at 30°C for 30 minutes in the absence or presence of ATP (5 mM) and terminated by boiling in SDS-PAGE sample buffer.
In vitro acetylation by p300 followed by in vitro SUMOylation
Recombinant p300 histone acetyltransferase was produced as previously described (28) . Reactions were performed with recombinant SUMO-1, SAE1/2 and Ubc9 (1 μg each) in reaction buffer containing 25 mM Tris HCl pH 7.9, 50 mM KCl, 6.25 mM MgCl 2 , 10% glycerol, 1 mM DTT and p300 for 1 hour at 30°C. Assessment of protein acetylation and in vitro SUMOylation activity of pre-acetylated proteins was performed as described above for acetic anhydride.
Results
Selective inhibition of HDAC1 and HDAC2 stimulates protein SUMOylation in cardiac myocytes and fibroblasts
Since acetylation or SUMOylation of a given lysine residue occurs in a mutually exclusive manner (1), we hypothesized that globally increasing protein acetylation through the use of an HDAC inhibitor would result in suppression of SUMO-1 conjugation. To address this hypothesis, primary neonatal rat ventricular myocytes (NRVMs) were treated with the HDAC inhibitor trichostatin A (TSA) over a time course of 48 hours, and lysates were immunoblotted with a SUMO-1-specific antibody. Surprisingly, rather than inhibiting SUMOylation, TSA treatment resulted in a robust, time-dependent accumulation of high molecular weight SUMO-1 conjugated proteins. A similar increase in protein SUMOylation was observed in primary rat cardiac fibroblasts treated with TSA, although the stimulatory effect in these cells appeared to be transient compared to cardiac myocytes (Fig. 1B) .
TSA is a pan-HDAC inhibitor that efficiently inhibits the catalytic activity of at least nine Zn 2+ -dependent HDACs (HDACs 1-9) (29) . The recent discovery of isoform-selective HDAC inhibitors provides an opportunity to use a chemical biological approach to more precisely address the role of specific HDACs in the control of a given process. For example, MGCD0103 and MS-275 are benzamide-containing compounds that are highly specific inhibitors of class I HDACs (HDACs -1, -2 and -3), while biaryl benzamide derivatives such as biaryl-60 (BA-60) selectively inhibits HDACs -1 and -2 (30, 31) . Diphenylacetohydroxamic acid (DPAH) blocks the activity of class IIa HDACs (HDACs -4, -5, -7 and -9) (32), while Tubastatin A is highly specific for HDAC6, which is a class IIb HDAC (33) . Selectivity profiles of these compounds are summarized in Fig. 2A .
As shown in Fig. 2B, MGCD0103 and MS-275 induced SUMOylation in NRVMs as efficiently as TSA, suggesting that a class I HDAC(s) regulates this post-translational modification. Class I HDAC inhibition was equally effective at promoting SUMOylation in hypertrophic cardiomyocytes and unstimulated cardiomyocytes ( Fig. 2B and 2C ). Class IIa and IIb inhibition failed to stimulate SUMO-1 conjugation. Remarkably, selective inhibition of only HDAC1 and HDAC2 with BA60 was sufficient to promote SUMO-1 conjugation in both cardiomyocytes and cardiac fibroblasts ( Fig. 2C and 2D ). These findings define a novel role for HDAC1 and/or HDAC2 as negative regulators of protein SUMOylation in the two dominant cell types in the heart, myocytes and fibroblasts.
HDAC inhibitor-mediated SUMOylation appeared to occur primarily on high molecular weight proteins. To more accurately characterize SUMO-1 targets that were enhanced by class I HDAC inhibition, cardiac fibroblast lysates were resolved through a lower percentage polyacrylamide gel and subjected to anti-SUMO-1 immunoblotting. Two prominent basally SUMOylated proteins were detected near the 100 kDa marker, and MGCD0103 treatment enhanced SUMO-1 conjugation to both of these targets (Fig. 2E) . Based on molecular weight, it is predicted that the more rapidly migrating protein is RanGAP1, which is the most stably SUMOylated protein described to date (34) . Interestingly, class I HDAC inhibition stimulated SUMOylation of many additional proteins ranging from 100 kDa to over 170 kDa, suggesting a general role of HDAC1/2 in the control of SUMO-1 conjugation and/or cleavage.
HDAC2 suppresses cardiac protein SUMO-1-ylation
To directly assess whether class I HDAC inhibition stimulates RanGAP1 SUMOylation, NRVMs were treated with MGCD0103 or BA60 for 48 hours and levels of free RanGAP1 and SUMO-1-conjugated RanGAP1 were assessed by immunoblotting. Two distinct antibodies revealed elevated levels of SUMO-1-ylated RanGAP1 in NRVMs treated with the HDAC inhibitors (upper bands).
Since BA60 selectively inhibits HDAC1 and HDAC2, experiments were next performed to determine the relative contribution of these HDAC isoforms to the control of cardiac protein SUMOylation. Lentiviral expression of short hairpin RNAs (shRNAs) effectively and selectively inhibited expression of endogenous HDAC1, HDAC2 or HDAC3 protein in NRVMs (Fig. 3B, top panel) . Remarkably, knockdown of HDAC2 alone dramatically increased the abundance of multiple SUMO-1-conjugated proteins in NRVMs, while knockdown of HDAC1 or HDAC3 failed to stimulate SUMOylation (Fig. 3B, middle  panel) . Subsequent immunoblotting revealed a modest increase in RanGAP1 SUMOylation in cells in which HDAC2 expression was suppressed (Fig. 3B, bottom panel) . These findings define a novel role for HDAC2 in the control of protein SUMOylation.
Class I HDAC inhibition enriches for SUMO-1 conjugates rather than SUMO-2/3 conjugates in cardiac myocytes and fibroblasts
SUMO-1 and its paralogs, SUMO-2/3, are conjugated to target proteins via the same core enzymatic machinery (9, 35) . However, while SUMO-1 is conjugated to lysine as a monomer, SUMO-2/3 can form chains analogous to ubiquitin (36) . Proteins that are modified by SUMO-2/3 appear as a stepwise ladder when resolved through polyacrylamide gels. Given the periodicity of the SUMO-1-conjugated proteins derived from HDAC inhibitor treated cells (Fig. 2E) , sequential immunoprecipitation (IP) and immunoblotting was performed to determine if the target proteins were also conjugated to SUMO-2/3 and/or ubiquitin. High molecular weight SUMO-1 conjugated proteins were quantitatively immunoprecipitated with a SUMO-1-specific antibody (Fig. 4A) . Remarkably, neither SUMO-2/3 nor ubiquitin conjugates were detected in SUMO-1 immunoprecipitates from DMSO or HDAC inhibitor-treated cells ( Fig. 4B and C) . Consistent with these findings, analysis of whole cell lysates revealed that, relative to SUMO-1, pan-and class I HDAC inhibition only modestly elevated SUMO-2/3 conjugates in cardiomyocytes and cardiac fibroblasts (Fig. 4D ). These findings suggest that class I HDAC inhibition preferentially stimulates SUMO-1-ylation.
HDAC inhibitor-mediated SUMOylation occurs independently of de novo protein synthesis
HDAC inhibitors have profound effects on gene expression. To begin to address the mechanism by which HDAC inhibition leads to accumulation of SUMOylated proteins, we determined whether de novo gene expression is required for the HDAC inhibitor-mediated effect on SUMO-1. NRVMs were treated with TSA in the absence or presence of actinomycin D (ActD), which blocks gene transcription. In order to minimize the duration that cells were exposed to ActD, which is cytotoxic, these studies were performed with TSA; TSA rapidly inhibits HDAC catalytic activity while benzamide class I HDAC inhibitors such as MGCD0103 have a slow on-rate (37, 38) . ActD treatment alone led to modest SUMOylation in NRVMs (Fig. 5A, lane 3) . Importantly, TSA efficiently promoted SUMOylation in NRVMs co-treated with ActD (Fig. 5A, compare lanes 2 and 4) . The integrity of the ActD preparation was confirmed by its ability to block PE-mediated induction of the immediate early gene, cFos (lower panel). HDAC inhibition also induced cFos protein expression, which was blocked by ActD treatment (lane 2).
To rule out the possibility that induction of SUMO-1 conjugates by ActD alone complicated interpretation of the data, experiments were also performed with cycloheximide (CHX) to block de novo protein synthesis. Consistent with the findings made with ActD, TSA was still capable of enhancing protein SUMOylation in NRVMs and cardiac fibroblasts treated with CHX ( Fig. 5B and C) . However, unlike what was observed with ActD, CHX treatment did result in a modest reduction in the degree of induction of SUMO-1 conjugates by TSA (Fig.  5B and C, lanes 2 and 4) . The data suggest that HDAC inhibition leads to accumulation of SUMO-1-conjugated proteins through a post-translational mechanism. Based on the findings with CHX, we propose that HDAC inhibition enhances SUMOylation of a pre-existing pool of protein that is activity synthesized in cardiac myocytes and fibroblasts (Fig. 5D ).
Class I HDAC inhibition does not suppress SENP catalytic activity
The increase in protein SUMOylation in HDAC inhibitor-treated cells could be due to stimulation of SUMO conjugation or suppression of de-SUMOylation. To address the latter possibility, we assessed the impact of class I HDAC inhibition on the catalytic activity of sentrin-specific proteases (SENPs), which are a family of enzymes that cleave SUMO conjugates from proteins. Cardiac fibroblasts were treated with MGCD0103 or vehicle control. As a positive control, a third group of cells was subjected to heat shock, which has previously been shown to inhibit SENP activity (24) . After cell lysis, SENP activity was quantified by incubation of protein homogenates with a SUMO-1-7-amidomethylcoumarin (AMC) substrate; de-SUMOylation of the substrate results in enhanced fluorescence. As shown in Fig. 6 , SENP activity was similar in extracts from MGCD0103-treated NRVMs and untreated controls, while heat shock led to a profound decrease in SENP catalytic activity. These data suggest that the post-translational mechanism by which HDAC inhibition enhances SUMOylation does not involve suppression of SUMO proteases.
Multiple components of the SUMO conjugation machinery are acetylated on lysine residues in vitro
Additional experiments were performed to address the possibility that acetylation regulates proteins that control SUMO conjugation. Components of the in vitro SUMOylation assay that was employed for these studies are shown in Fig. 7A . Recombinant forms of the E1 activating enzyme complex (SAE1/SAE2), the E2 conjugating enzyme (Ubc9), SUMO-1, and the canonical SUMO-1 substrate, RanGAP1, were produced in E. coli. Immunoblotting with an anti-acetyl-lysine antibody revealed that SAE1, SAE2, Ubc9 and SUMO-1 were all capable of being chemically acetylated with acetic anhydride in vitro, albeit to different extents (Fib. 6B). Additionally, SAE2 and Ubc9 were efficiently acetylated by recombinant p300, which possesses intrinsic histone acetyltransferase (HAT) activity (Fig. 7C) . However, p300 was unable to acetylate SAE1 and SUMO-1 in vitro (Fig. 7C, lanes 4 and 8) .
To assess whether acetylation affects SUMO conjugation, SAE1/2, Ubc9 and SUMO-1 were pre-acetylated with acetic anhydride or p300 and incorporated into in vitro enzymatic assays with ATP and recombinant RanGAP1 substrate. Neither mode of pre-acetylation resulted in enhanced conjugation of SUMO-1 to RanGAP1 (Fig. 7D and E) . Thus, under these experimental conditions, acetylation of core SUMO conjugation machinery fails to stimulate enzymatic activity.
Discussion
The findings of this study establish a novel role for class I HDACs, specifically HDAC2, in the control of protein SUMOylation in cardiac myocytes and fibroblasts. Since combined inhibition of HDAC1/2 catalytic activity (Fig. 2) , or selective knockdown of HDAC2 expression (Fig. 3) , leads to the accumulation of SUMO-1-conjugated proteins in cardiac cells, the results suggest that HDAC2 functions as an endogenous inhibitor of SUMOylation in the heart. The work extends the ever-expanding list of non-canonical functions of HDACs, and reversible lysine acetylation, beyond the control of epigenetics and gene transcription.
Crosstalk between acetylation and SUMOylation at the level of individual substrates has previously been demonstrated. For example, acetylation of a conserved lysine residue in the myocyte enhancer factor 2 (MEF2) transcription factor stimulates MEF2-dependent transcription of downstream target genes (39) . Conversely, when this same lysine residue is SUMOylated, MEF2 transcriptional activity is repressed. Similar to MEF2, acetylation or SUMOylation of lysine-386 in the p53 transcription factor has opposing effects on p53 target gene activation (40) .
More recently, acetylation has emerged as a mechanism for influencing the activity of components of the SUMO conjugation machinery. Consistent with our findings (Fig. 7) , the E2 conjugating enzyme Ubc9 was shown to be acetylated at lysine-65, resulting in differential SUMOylation of downstream substrates (41) . In addition, two studies demonstrated that SUMO itself is acetylated. When conjugated to p53, SUMO-1 is either unacetylated or acetylated on lysine-37, and the acetylation state of SUMO-1 dictates which downstream p53-target genes are activated (42) . Acetylation of SUMO-1 or SUMO-2/3 was also shown to negatively regulate interactions between SUMO and proteins harboring SUMO-interaction motifs (SIMs) (43) . It is noteworthy that we failed to detect significant levels of SUMO-1 acetylation in our in vitro assays (Fig. 7) . This discrepancy could be due to the antibodies that were used for immunoblotting. We employed pan-anti-acetyl-lysine antibodies, while the aforementioned studies used an antibody specific for acetylated lysine-37 of SUMO-1; it is possible that the pan-anti-acetyl-antibodies fail to recognize acetyl-SUMO-1.
Enhancement of global SUMOylation has been observed in cells exposed to osmotic and oxidative stress, heat shock, ethanol and the lipid peroxidation product 4-hydroxy-nonenal (4-HNE) (44) (45) (46) . There is also a rich body of literature showing that ischemia enhances the formation of SUMO-1/2/3 conjugates in organs such as brain and kidney (47) . Much of this elegant work was performed using a ground squirrel model of hibernation torpor, where oxygen and glucose deprivation during torpor was demonstrated to result in a dramatic increase in SUMO-1 and SUMO-2/3 conjugation to proteins in a variety of organs (48) . SUMOylation appears to provide a mechanism for ischemic tolerance (49) . Interestingly, HDAC inhibitors have been shown to be protective in pre-clinical models of ischemic brain injury and in models of ischemic cardiomyopathy (50) (51) (52) (53) . Based on our findings, it is possible that at least a portion of the observed protective effects of HDAC inhibitors in the setting of ischemia are due to stimulation of SUMOylation.
The molecular basis for the enhancement of cardiac protein SUMOylation by HDAC inhibitors remains unknown. Given that de novo protein synthesis is not required for HDAC inhibitor-mediated SUMOylation, we hypothesized that the observed effect was due to stimulation of SUMO conjugation or suppression of de-SUMOylation. Concerning the latter possibility, class I HDAC inhibition did not reduce global SENP activity in cardiac fibroblasts (Fig. 6) . Although it remains possible that HDACs have as-yet-unidentified effects on de-SUMOylation via one or more of the seven SENP family members, these data suggest that HDAC inhibition targets components of the SUMO conjugation machinery to promote SUMOylation of proteins. Surprisingly, acetylation of the E1 activating enzyme complex (SAE1/2) or Ubc9 failed to enhance SUMO-1 conjugation to RanGAP1 in our in vitro assay (Fig. 7) . While it is possible that E1 or E2 acetylation stimulates SUMOylation of substrates other than RanGAP1, we favor a model in which acetylation of an E3 SUMO ligase(s) promotes SUMO-1 conjugation to select targets. Although SUMOylation can proceed in the absence of an E3 ligase, these enzymes enhance conjugation and confer target specificity to the reaction (9) . There are seven bona fide E3 ligases in mammals and, intriguingly, interrogation of databases associated with proteomic studies reveals that several of these enzymes are acetylated on lysine residues (4, 5) . Elucidation of the identity of proteins within the pool of high molecular weight factors that are SUMOylated in an HDAC inhibitor-dependent manner should facilitate efforts to define the possible role of reversible lysine acetylation in the control of E3 SUMO ligases.
Conclusions
Inhibition of class I HDAC catalytic activity stimulates SUMO-1-ylation in the two most abundant cell types in the heart, cardiomyocytes and cardiac fibroblasts. HDAC inhibition elicits cardiac protein SUMOylation through a post-translational mechanism that is likely mediated by acetylation of a component(s) of the SUMO conjugation machinery. Independently, HDAC inhibition and SUMO-1 overexpression suppress pathological cardiac remodeling in response to stresses such as pressure overload and myocardial infarction in pre-clinical models. Thus, our findings raise the intriguing possibility that concomitant HDAC inhibitor therapy and SUMO-1 gene transfer will provide synergistic efficacy in the setting of heart failure. rat ventricular fibroblasts were serum-starved for 24 hours prior to treatment with the indicated HDAC inhibitors for 48 hours. (E) Independent plates of adult rat ventricular fibroblasts were serum starved for 24 hours prior to treatment with MGCD. SUMO-1 conjugates were resolved on a 7.5% polyacrylamide gel as opposed to (A -D), which employed 10% polyacrylamide gels. HDAC2 regulates cardiac protein SUMOylation. (A) NRVMs were treated with MGCD0103 or BA60 for 48 hours, and protein homogenates were immunoblotted with two distinct antibodies that detect free RanGAP1 (lower band) and SUMO-1-ylated RanGAP1 (upper band). (B) NRVMs were infected with lentiviruses encoding shRNAs directed toward HDAC1, HDAC2 or HDAC3. shControl is an shRNA that is predicted to fail to target any mammalian mRNA transcript. After 96 hours of infection in the presence of PE, Class I HDAC inhibitor-mediated SUMOylation does not require de novo gene transcription or protein synthesis. (A) NRVMs were pre-treated with actinomycin D (ActD) for two hours to block gene transcription, and were subsequently exposed to either vehicle (DMSO; -) or TSA for 4 hours. As controls, some cells received PE for two hours in the absence or presence of ActD. Protein homogenates were immunoblotted with anti-SUMO-1 antibody. In parallel, cFos protein was assessed to confirm that ActD efficiently inhibited gene expression. (B) NRVMs were pre-treated with the protein translation inhibitor cycloheximide (CHX) for 30 minutes, and were subsequently exposed to vehicle (DMSO; -) or TSA for 4 hours. Immunoblotting was performed with anti-SUMO-1 antibody or cFos antibody to confirm CHX efficacy. (C) Adult rat ventricular fibroblasts were serum-starved for 24 hours, pretreated with CHX for 30 minutes, and exposed to DMSO or TSA for 4 hours. As controls, some cells received PMA for 2 hours in the absence or presence of CHX. Global SENP catalytic activity is not suppressed by a class I HDAC inhibitor. Adult rat ventricular fibroblasts were serum-starved for 24 hours and treated with DMSO vehicle or the class I HDAC inhibitor MGCD for 48 hours. As controls, some cells were subjected to 43°C for 30 minutes prior lysis. Protein homogenates were incubated with a SUMO-1-AMC probe and de-SUMOylase activity (as measured by increased fluorescence) was monitored over 2 hours. Heat shock inactivates SENPs and served as a positive control. For each condition, homogenates from three independent plates of cells were pooled for assessment of SENP activity. Acetylation of SUMO conjugation machinery. (A) Schematic depiction of the in vitro SUMOylation assay. (B) The indicated recombinant proteins were incubated for one hour with acetic anhydride to assess non-enzymatic acetylation of the proteins. Proteins were resolved by SDS-PAGE and either immunoblotted with anti-acetyl-lysine antibody (top panel) or stained with Coomassie blue dye (bottom panel); *SAE1, **SAE2, ***presumed degradation product of SAE2. (C) Recombinant proteins were incubated for one hour with p300 to assess their capacity to be enzymatically acetylated. Samples were analyzed as in (B); **SAE2. Note that p300 (the upper-most acetylated protein) undergoes auto-acetylation (arrow). (D) In vitro SUMOylation assays were performed as outlined in (A) after acetic anhydride treatment (D) or exposure to p300 (E). Reactions were terminated at the indicated times. Proteins were resolved by SDS-PAGE and stained with Coomassie blue dye. The reduced mobility of RanGAP1 is indicative of SUMOylation.
